A Ab bs st tr ra ac ct t Protein kinase CK2 (formerly casein kinase II), an enzyme that participates in a wide variety of cellular processes, has traditionally been classified as a stable tetrameric complex consisting of two catalytic CK2α or CK2α' subunits and two regulatory CK2β subunits. While consideration of CK2 as a tetrameric complex remains relevant, significant evidence has emerged to challenge the view that its individual subunits exist exclusively within these complexes. This review will summarize biochemical and genetic evidence indicating that the regulatory CK2β subunit exists and performs functions independently of CK2 tetramers. For example, unbalanced expression of catalytic and regulatory CK2 subunits has been observed in a variety of tissues and tumors. Furthermore, localization studies including live cell imaging have demonstrated that while the catalytic and regulatory subunits of CK2 exhibit extensive co-localization, independent mobility of the individual CK2 subunits can also be observed within cells. Identification of proteins that interact with CK2β in the absence of catalytic CK2 subunits reinforces the notion that CK2β has functions distinct from CK2 and begins to offer insights into these CK2-independent functions. In this respect, the discovery that CK2β can interact with and modulate the activity of a number of other serine/threonine protein kinases including A-Raf, c-Mos and Chk1 is particularly striking. This review will discuss the interactions between CK2β and these protein kinases with special emphasis on the properties of CK2β that mediate these interactions and on the implications of these interactions in yielding new prospects for elucidation of the cellular functions of CK2β. 
Introduction
Despite the fact that protein kinase CK2 (formerly known as casein kinase II) was discovered approximately 50 years ago it remains a perplexing biological molecule [1] . It is now abundantly clear that it is a promiscuous enzyme as a diverse and somewhat bewildering array of more than 300 potential substrates have been identified [2] . CK2 is a serine/threonine kinase that participates in a wide variety of cellular processes including cell differentiation, proliferation and survival [3, 4] . Genetic studies in organisms such as yeast and slime mould have revealed that CK2 is essential for viability [5, 6] . Recent studies of molecular clock machinery in Drosophila and Arabidopsis have also provided evidence for the involvement of CK2 in circadian oscillator function [7, 8, 9, 10] . Collectively, these studies demonstrate that CK2 participates in the regulation of processes that are fundamental to many aspects of life. Accordingly, it is not surprising that perturbations in the expression of CK2 are associated with human disease.
There is an increasing body of evidence indicating that CK2 is involved in protein kinase networks controlling cell cycle progression and cellular responses to stress that are associated with various cancers. In this respect, CK2 is involved in pathways that respond to a variety of stresses including ultraviolet light, anisomycin, heat shock, tumor necrosis factor α and arsenite [11, 12, 13, 14] . Investigations in yeast and mammalian cells have revealed requirements for CK2 at various stages of the cell cycle including G1 phase and the G1/S and G2/M transitions [15, 16, 17, 18] . Furthermore, abnormally high levels of CK2 have been observed in various types of cancer (breast, prostate, lung, kidney, head and neck) and in transformed cells [19, 20, 21, 22, 23] . In a related vein, CK2 co-operates with several oncogenes including c-Myc, Tal-1 and Ha-Ras which subsequently leads to transformation [24, 25, 26, 27, 28] . A direct link has been established between CK2 and tumorigenesis in transgenic mice, where in T-cells and mammary glands targeted expression of CK2 leads to lymphomagenesis and mammary tumors [24, 23] . Based on this involvement in transformation and tumorigenesis, CK2 has recently attracted attention as a potential therapeutic target [29, 30] . This participation in cancer also emphasizes the importance of understanding comprehensively how CK2 works as an enzyme and how it functions to regulate specific biological events.
CK2: General Features and Subunit Composition

The Catalytic CK2 Subunits
CK2 is ubiquitously expressed in eukaryotic cells and exhibits extensive sequence and functional conservation across species. As compared to the catalytic subunits of many other protein kinases, one notable feature of the catalytic subunits of CK2 is that they possess constitutive activity. In this respect, the catalytic subunits of CK2 exhibit enzymatic activity when expressed as individual recombinant proteins in bacteria [31, 32] . Traditionally, the physiological significance of this observation was questioned since the catalytic subunits of CK2 appeared to be accompanied by stoichiometrically equivalent quantities of the regulatory CK2β subunit when CK2 was purified from most sources including yeast, flies and mammalian tissues [33, 34, 35, 36] . Consequently, CK2 has typically been viewed as a tetrameric complex consisting of two catalytic subunits (38-42kDa in mammals) and two regulatory subunits (27kDa in mammals) [2] .
In humans, two different forms of its catalytic subunits (designated CK2α or CK2α'), which are encoded by distinct genes, were initially characterized [34] . With the exception of their unrelated C-terminal domains, these two isoforms are very similar to one another exhibiting approximately 90% identity within their catalytic domains. Recently a third isoform (designated CK2α'') that is almost completely identical to CK2α with respect to the predicted amino acid sequence of its catalytic domain was also identified [37] . In fact, the only significant distinguishing feature between CK2α and CK2α'' lies in their completely distinct C-terminal domains. While it is clear that the different CK2 isoforms are closely related and exhibit considerable functional overlap, there is also evidence for functional specialization of the individual CK2 isoforms in yeast, mice and mammals [3] . Since this issue has been addressed in detail elsewhere it will not be further discussed.
The Regulatory CK2 Subunit
In contrast to the catalytic isoforms of CK2, only one known form of the regulatory subunit (designated CK2β) has been identified in mammals [38] . CK2β does not display extensive homology with other protein kinase regulatory subunits, but is remarkably conserved among species [39, 38] . In fact, the amino acid sequence of CK2β is completely identical between birds and mammals [40] . Studies conducted by several different groups using a variety of approaches including X-ray crystallography have determined that a dimer of the CK2β subunits forms the core of the CK2 tetramer ( Figure 1A ) [41, 42, 43, 44, 45, 46] . CK2β has several notable features that have been characterized by an extensive body of work (summarized in Figure 1 ). As a prelude to a detailed consideration of emerging CK2-independent functions of CK2β, the following discussion will summarize a number of its notable features.
CK2β: Phosphorylation sites
A large proportion of CK2β has been shown to be phosphorylated at an autophosphorylation site consisting of serines 2, 3 and possibly 4 at its N-terminus [47, 48] . Based on kinetic measurements, it was previously concluded that autophosphorylation occurs by an intramolecular mechanism [49] . However, this view was challenged by the determination of the high-resolution structure of tetrameric CK2, which revealed that the N-terminus of CK2β was located more than 40Å away from the active site of either of the catalytic subunits [50] . Thus, an intermolecular reaction mediated by the formation of higher order CK2 structures is hypothesized [3] . Although the precise function of this autophosphorylation remains unknown, studies conducted by Zhang et al. suggest that phosphorylation of these sites enhances CK2β stability [51] .
CK2β is also phosphorylated at S 209 near its C-terminus, a residue which is phosphorylated in a cell-cycle dependent manner by p34 cdc2 in vitro and in mammalian cells [47, 52, 53] . The functional significance of this latter phosphorylation site remains unknown.
CK2β: Putative Degradation Motifs
As the regulatory subunit of a protein kinase that has functions associated with cell cycle progression, CK2β is reminiscent of cyclins that are the regulatory subunits of cyclin-dependent kinases. In a related respect, it is particularly intriguing that CK2β has motifs that have been previously characterized as motifs that regulate cyclin degradation. For example, CK2 has a sequence resembling that of the nine amino acid motif called the destruction box that plays a key role in the specific degradation of cyclin B at the end of mitosis [54, 55] . This motif, which was first recognized in CK2β by Allende and Allende, contains three highly conserved residues conforming to the general destruction box consensus RXXLXXXXN/D [38, 55] . Interestingly, this motif is located on a surface exposed α-helix (Figure 1 ) where it would be available for recognition by the cellular degradation machinery. Several proteins including mitotic cyclins, Aurora A and B, and Nek2A also contain one or more KEN boxes, a signal which has also been shown to play a role in mediating cell cycle dependent protein degradation [56, 57, 58, 59] . This degradation motif is characterized by the minimal consensus sequence KEN, but is often followed shortly by either an N or D residue and often preceded by another N or D reside (N/DKENX 0-4 N/D). Notably, CK2β contains a similar sequence, namely DKFNLTGLN between amino acids 32 and 40. With the exception of a single mutation within its destruction box that did not exert any apparent affect, the functional relevance of the putative destruction and KEN boxes of CK2β have not yet been characterized [51] . Nevertheless, given the intriguing parallels between CK2β and cyclins, more detailed investigation of the functional significance of these motifs is warranted. 
CK2β: CK2 Subunit Interactions
Beginning in the 1990's, a number of groups examined the mechanisms responsible for CK2 subunit interactions [41, 42, 43, 44, 45, 46] . In accordance with these studies, the elucidation of the structure of CK2β by X-ray 
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CK2β crystallography revealed the importance of the zinc-finger in CK2β dimerization [44] . The zinc-finger region is characterized by four cysteine residues (109, 114, 137 and 140) which mediate the interaction allowing the CK2β dimer to form the core of the CK2 holoenzyme [44, 46] . As expected, disruption of the zinc-finger by mutation of Cys 109 and 114 resulted in a loss of CK2β dimer formation [46] . Intriguingly, it was observed that the zinc-finger mutants also failed to interact with the CK2 catalytic subunits both in vitro and in vivo [46] . Studies examining the interactions between the catalytic and regulatory subunits during CK2 assembly revealed that CK2β dimerization precedes catalytic subunit binding and in fact was a prerequisite for CK2 tetramer formation [45] . Each catalytic subunit of the CK2 tetramer is associated with one CK2β molecule at its positive regulatory domain delineated by residues 181-203 in the CK2β Cterminus [43, 44, 60] (Figure 1 ). This region, which was confirmed by the high-resolution structure of tetrameric CK2, is responsible for the ability of CK2β to enhance and stabilize CK2 activity [43, 44, 60, 50] . One additional noteworthy sequence within CK2β is a surface exposed acidic loop encoded by residues 55-64 [61, 62] . Given the presence of a basic cluster between residues 74-80 in CK2α it had been tempting to propose that the acidic region may represent an auto-inhibitory sequence analogous to that seen in other kinases [50, 3] . However, crystal structure data indicates that this is not likely to be the case since these regions are separated by more than 30Å [50] . This acidic region has also been identified as the site on CK2 that binds polyamines which are known to stimulate CK2 activity in vitro [63, 64] . Mutation of residues in the acidic loop to remove negative charge raises the basal enzyme activity and abolishes polyamine stimulation [65, 63, 64] . Consequently, although the precise mechanistic details remain to be defined, it does appear that the acidic loop may have a role in CK2 regulation.
A Traditional View of CK2
In general, the CK2 tetramer exhibits constitutive activity that can be readily detected in most cell or tissue extracts in the absence of any stimulation. Although the catalytic subunits of CK2 are active in the absence of CK2β, the traditional prevailing view in the field was that the regulatory CK2β subunit plays a key role in CK2 regulation through a variety of distinct actions. In this respect, CK2β was shown to enhance the stability of the catalytic subunits and to modulate their substrate selectivity. For example, CK2β is capable of stimulating CK2 activity towards certain substrates such as topoisomerase II or p53, while inhibiting its activity toward other substrates like calmodulin [66] . As noted previously, CK2β also harbours a binding site for polyamines that stimulate CK2 holoenzyme activity, but not free catalytic subunit activity [67, 64] . Collectively, these observations reinforced the view that CK2β is a central component of tetrameric CK2 complexes that plays a vital role in its regulation.
Challenges to the Traditional View of CK2
It is important to emphasize that the traditional view of CK2 as a stable tetrameric enzyme arose primarily through biochemical studies of CK2 and its enzymatic characteristics. The stable nature of CK2 tetramers (dissociation constant K d = 5.4nM), as well as their spontaneous formation from individual recombinant subunits in vitro supports the traditional view of CK2 [68, 69, 70] . Consequently, it was particularly striking when X-ray crystallography revealed that the CK2α/CK2β interface was relatively small (832Å 2 ) and flexible compared to the average interface size of 1722Å 2 for permanent protein subunit interactions [71, 50] . This result clearly raises the spectre that CK2 tetramers are subject to disassembly and re-assembly. As discussed in the following sections, the emergence of new technologies has led to additional perspectives that further challenge the traditional view of CK2 as a stable tetrameric complex.
Expression and Assembly of CK2
It is clear that CK2 is involved in cell cycle progression and while it is known that all CK2 subunits are expressed throughout the cell cycle, relatively little is known about how either CK2α or CK2β expression is regulated [72] . Characterization of both the CK2α and CK2β genes, as well as adjacent upstream sequences led to identification of a pair of highly conserved Ets1 response elements [73, 74] . While these observations offer an attractive mechanism for the coordinated expression of CK2 subunits destined to form tetrameric complexes, these results are not entirely consistent with earlier studies that had shown that CK2β protein was synthesized in excess of the catalytic subunit in exponentially growing tissue culture cells [75] . In a similar respect, several reports have revealed evidence for the unbalanced expression of the catalytic and regulatory subunits in a variety of different tissues [20, 68, 76] . For example, a systematic analysis in different mouse organs showed that all of the CK2 subunits were expressed at the highest level in brain and testes [76] . However, in comparison to the levels of CK2α, the level of CK2β in testis was significantly higher than in the brain indicating an asymmetric distribution of the different CK2 subunits in these tissues. The existence of free CK2β in both brain and testes was confirmed by immunoprecipitation [76] . The intriguing demonstration that aberrantly high levels of CK2β relative to CK2α have also been observed in tumors, highlights the importance of understanding the dynamic role of CK2β both within the context of the CK2 holoenzyme and as an independent protein [77] .
Localization of CK2 Subunits
Although initial immunofluorescence localization studies emphasized the predominant nuclear localization of CK2, it is evident that CK2 can be found at other sites within cells. These initial studies also emphasized the extensive degree of overlap that was observed between the independent CK2 subunits; an interpretation consistent with the prevailing view of CK2 as a stable, tetrameric complex [78] . Notably, these authors did observe modest populations of CK2β that did not co-localize with either CK2α or CK2α' [78] . In retrospect, this latter observation could have received more attention for raising the prospect of CK2-independent functions of CK2β.
Subsequent localization studies confirmed the conclusion that the catalytic and regulatory subunits of CK2 are not exclusively co-localized. For example, in a Chironomus tentans epithelial cell line CK2α and CK2β were readily detected in holoenzyme-free pools [79] . While the majority of both subunits were localized to nuclear fractions, a major proportion of the CK2α subunits were tightly bound to other nuclear components whereas CK2β was only loosely associated with other nuclear components [79] . In addition, using CK2 subunit-specific antibodies, immunofluorescence studies demonstrated in mammalian cells that all three subunits of CK2 were localized to the smooth endoplasmic reticulum and the Golgi complex [80] whereas, only the CK2α and CK2α' subunits could be detected in the rough endoplasmic reticulum. By examining the localization of individual CK2 subunits in fixed cells and in extracts, these studies clearly reveal the asymmetric distribution of the individual CK2 subunits.
As noted previously, the three-dimensional structure of tetrameric CK2 that was revealed by X-ray crystallography is not entirely consistent with its existence as stable complexes. However, classical strategies for evaluating the localization of CK2 in cells were limited because they could only offer static views of CK2 in fixed cells. To overcome these limitations, elegant live cell imaging strategies were performed using fluorescent variants of individual CK2 subunits [81, 82] . In addition to confirming the predominantly nuclear and moderately cytoplasmic localization of both of the CK2 subunits, these studies demonstrated that each of the CK2 subunits was independently imported into the nucleus. Further examination of NIH 3T3 cells stably expressing either GFP-α or GFP-β using the FRAP (fluorescence recovery after photobleaching) technique revealed that the CK2 subunits were highly mobile within the nucleus as they relocated to the photobleached area within 10 seconds [81] . The independent movement of the catalytic and regulatory subunits within the nucleus was also observed on a relatively short time-scale [82] . Collectively, these observations suggest that the CK2 tetramer is not a stable complex but more closely resembles a dynamic, transient heterocomplex [50, 82] . Furthermore, the finding that the individual CK2 subunits exhibit distinct patterns of localization provides additional support for the prospect that they perform distinct tetramer-dependent and tetramer-independent functions.
Genetic Manipulation of CK2
Budding yeast strains harbouring disruptions of either of the two catalytic isoforms of CK2 are viable indicating that any one of the tasks performed by CK2 may be dispensable [6] . However, deletion of both of the catalytic isoforms of CK2 is synthetic lethal indicating that some CK2 activity is required for viability [18, 6, 2] . In contrast to the requirement for at least one catalytic CK2 isoform, budding yeast are viable in the absence of regulatory CK2 subunits, an observation that suggests that the constitutive activity of the catalytic CK2 subunits is sufficient to maintain survival. Disruption of the gene encoding the catalytic isoform CK2α' has also been performed in mice while the gene encoding CK2α has not yet been disrupted. Homozygous CK2α' -/-mice are viable, but the males are infertile due to a defect in spermatogenesis [83] .
This result suggests that, with the exception of apparently unique functions in sperm progenitors, CK2α can compensate for the loss of CK2α' in the maintenance of survival.
In contrast to the situation in yeast where disruption of regulatory CK2 subunits does not compromise viability, disruption of CK2β in mice is embryonic lethal [84] . Mouse embryos homozygous for the CK2β null allele (CK2β -/-) showed severe growth retardation and were resorbed around E7.5 [84] . Together with the finding that the development of CK2β -/-blastocysts was impaired in vitro, these results suggest that embryos lacking CK2β cease to develop after implantation. Furthermore, the inability to derive homozygous CK2β knockout embryonic stem cells using classical and conditional knockout strategies strongly suggests that a loss of CK2β leads to immediate cell death [84] . These findings suggest that CK2β is required for the appropriate modulation of CK2 activity since it would appear that the constitutive activity of the catalytic CK2 subunits is not sufficient to maintain viability. In addition, this finding could also reflect requirements for CK2β to perform functions that are independent of CK2.
CK2 Independent Functions of CK2β
Although traditionally viewed exclusively as a component of tetrameric CK2 complexes, several independent lines of investigation that were highlighted in the preceding sections demonstrated that CK2β does not exist exclusively within stable CK2 complexes and raises the prospect that CK2β could have CK2-independent functions. In fact, there are a number of additional studies that further reinforce the notion that CK2β does indeed have functions that are independent of its role as the regulatory subunit of CK2. For example, CK2β over-expression studies conducted in the fission yeast S. pombe revealed severe growth defects and a multiseptated phenotype whereas over-expression of CK2α had no effect [85] . Genetic studies in S. cerevisiae have also linked CK2β to checkpoint regulation. In this regard, Toczyski et al (1997) demonstrated that CK2β was required for adaptation, a process where yeast recover from G2 arrest to resume proliferation despite continued DNA damage [86] . The participation of CK2β in DNA damage responses does not appear to be restricted to yeast since human Xeroderma pigmentosum cells gained UV resistance when transfected with CK2β cDNA [87] . Since no defects in CK2 activity are apparent in xeroderma pigmentosum cells, it was hypothesized that the UV resistance conferred by over-expression of CK2β arose through a CK2-independent function [87] . Although these observations are intriguing they only begin to characterize the many potential independent functions of CK2β.
Interaction Partners of CK2β
In many cases, detailed examination of the interaction partners of a protein can lead to a better understanding of not only the functional processes in which it is involved but also the regulatory mechanisms controlling its expression, function and degradation. Accordingly, it is anticipated that considerable insight into the regulation and functions of CK2β, including those functions that may be independent of CK2, will be illuminated by a thorough investigation of its interaction partners. In this respect, over the last decade a plethora of CK2β-specific interaction partners have been identified through studies that have been performed both in vitro and in vivo [88, 89, 90, 91, 92, 93, 94, 95, 96] . While many of these interactions have not been further investigated, some of these proteins have undergone more extensive validation allowing for their classification as either CK2 dependent or CK2 independent binding partners of CK2β. A summary of interaction partners from mammalian cells (or Xenopus in the case of c-Mos) that can be distinguished on the basis of whether they interact with CK2-independent forms of CK2β or CK2-associated CK2β is presented in Table 1 .
Although beyond the scope of the present article, it is also noteworthy that a considerable amount of new information has begun to emerge from systematic studies performed on a genome-wide scale in model organisms such as yeast [97, 98] . Information from these studies is continually being compiled in databases such as BIND or PreBIND allowing for in silico determination of protein-protein interaction networks [99, 100] . Indeed, such databases identify numerous interaction partners of the CK2 subunits both within the context of the CK2 holoenzyme and as independent proteins. For example, two independent studies, one employing a tandom-affinity purification (TAP)/mass spectrometry approach and the other using an immunoprecipitation/mass spectrometry approach, showed that individual CK2 subunits were differentially localized to a number of multi-protein complexes [97, 98] . Each of these studies demonstrate incomplete overlap between the catalytic and regulatory subunits of CK2 as all four CK2 subunits (yeast contain 2 forms of both catalytic and regulatory subunit) were detected in some multi-protein complexes while other complexes only contained one, two or three of the CK2 subunits [97, 98] . Although these studies are limited to the yeast proteome and await independent confirmation, the emergence of CK2 subunit specific interactions in a model system such as yeast will undoubtedly be instructive of the situation in mammalian systems. Furthermore, it is evident that while several CK2β specific interaction partners offering many new insights into its CK2-independent functions have already been characterized in mammalian cells, it can be anticipated that our current understanding remains far from complete. 
CK2 Dependent Binding Partners of CK2β
As outlined in table 1, a number of CK2-dependent binding partners of CK2β, that is, proteins that bind to tetrameric CK2 through binding sites on CK2β, have been identified. Although detailed examination of each of these interactions is beyond the scope of this article, consideration of a few of the binding partners provides insights into the general roles of CK2β in regulating the cellular functions of CK2. From this perspective, one of the main functions of CK2β in the context of CK2 appears to be that of a substrate docking protein. Topoisomerase II and p53 are likely bona fide physiological CK2 substrates that are dependent on interactions with CK2β in order to be phosphorylated by CK2 [101, 102] . In each case, a specific N-terminal region of CK2β (residues 51-110 for topoisomerase II and residues 72-149 for p53) was identified as the binding site [102, 103] . A number of other CK2-dependent CK2β binding partners including Cdc25B, p27 KIP1 , Nopp140 and p21 WAF1/CIP1 have also been shown to bind to the extreme N-terminal region of CK2β [104, 105, 106, 107] . As more potential CK2 substrates are characterized, it will be interesting to note whether groups of structurally similar proteins that bind to the same N-terminal binding site emerge.
A second function of CK2β in the context of CK2 appears to involve transmission of regulatory signals provided by other proteins in a manner that could be analogous to that seen with polyamines. FGF-2 exemplifies this as binding of FGF-2 to CK2β stimulates CK2 activity toward nucleolin in vitro [108] . In this situation, the existence of numerous potential binding sites in the N-terminus of CK2β may represent a mechanism where binding of a regulatory protein to a given site will elicit a particular effect on CK2 activity. Collectively, these studies highlight complementary mechanisms by which CK2β modulates the ability of CK2 to phosphorylate specific cellular targets.
CK2 Independent Binding Partners of CK2β
In addition to the CK2-dependent binding partners of CK2β, a number of proteins that bind to CK2β in the absence of catalytic CK2 subunits have been identified. Intriguingly, these proteins include the A-Raf, c-Mos and Chk1 serine/threonine protein kinases [89, 90, 94] . As noted in Table 1 , CK2β interacts with two other serine/threonine protein kinases, namely p90 Rsk and PKCζ [88, 91, 93] . Since these latter two protein kinases, represent proteins that interact with CK2β within tetrameric CK2 complexes, they will not be further discussed. Instead, the remaining discussion will focus on the interaction between CK2β and those serine/threonine protein kinases that interact with it in the absence of catalytic CK2 subunits.
A-Raf
A-Raf along with B-Raf and c-Raf-1 comprise a family of three cytoplasmic serine/threonine protein kinases that contain three conserved regions, CR1 (Ras-binding and cysteine rich domains), CR2 (serine/threonine-rich domain) and CR3 (catalytic domain) [109] . Raf kinases are essential in MAPK (mitogen activated protein kinase) pathways as they relay the signal from the receptor/Ras complex to the cytosolic kinase cascade by phosphorylating and activating the appropriate MAPK kinase (MKK or MEK) [109] . CK2β was identified as an interaction partner of A-Raf in two independent yeast two hybrid screens [110, 90] . Subsequent examination of this interaction in vitro revealed the specificity of this association since CK2β was not able to interact with either B-Raf or c-Raf-1. The CK2β binding site on A-Raf was initially mapped to residues 255-569, which includes sequences that can be aligned with the CK2β-interaction region of CK2α (Figure 2) . A potential regulatory role of CK2β was suggested by co-expression of CK2β and A-Raf in insect cells which resulted in a 10-fold enhancement of A-Raf kinase activity toward MEK [90] . Although the possibility of complex formation between CK2α, β and A-Raf was not excluded in this study it was shown that CK2α was not able to induce a similar activation. In fact inclusion of CK2α in the assay abolished the activation observed in the presence of CK2β, suggesting that CK2α was competing with A-Raf for binding to CK2β. As discussed below, the CK2β binding site on A-Raf is similar to the CK2β binding sites of other serine/threonine protein kinases (Figure 2) [50].
c-Mos
Upon stimulation with progesterone, Xenopus oocytes undergo meiotic maturation, a process which requires the activity of c-Mos, a germ cell-specific serine/threonine protein kinase [89] . c-Mos initiates signalling via the MAPK pathway as it also phosphorylates MAPK kinase (MKK or MEK) which in turn phosphorylates and activates MAPK. Interaction between CK2β and c-Mos was originally identified using a yeast two hybrid screen of a Xenopus oocyte cDNA library [89] . Interactions between CK2β and c-Mos were subsequently confirmed in several other systems including in vitro binding assays, co-transfection studies in human 293T cells and in Xenopus oocytes overexpressing CK2β. Using a series of deletion mutants, the c-Mos binding domain was mapped to the C-terminal 55 amino acids of CK2β, a region which also mediates interaction with CK2α (or α').
In stark contrast with its effect on A-Raf, CK2β inhibited the activity of v-Mos, the constituitively active counterpart of c-Mos, by 40% in vitro [89, 90] . CK2β also interfered with the Mos-mediated MAPK activation and progesteroneinduced oocyte maturation while a mutant of CK2β lacking its C-terminal 55 amino acids and therefore not able to bind c-Mos lacked these inhibitory abilities. Direct in vivo evidence further indicated that CK2β inhibits the ability of c-Mos to induce mitotic arrest in rapidly dividing embryonic cells. Based on their studies, Chen and colleagues proposed that CK2 binds and inhibits c -Mos during its initial synthesis [89] . Inhibition is alleviated when c-Mos overcomes a certain threshold that is set by the amount of free CK2β available [89] . Free c-Mos is then able to activate the MAPK pathway. This mechanism is consistent with the observation that CK2β is synthesized in excess of the CK2 catalytic subunits and that newly synthesized CK2β is slowly incorporated into the holoenzyme [75] . This model is also supported by recent studies that identified the CK2β binding region in the N-terminus of c-Mos, between amino acids 52 and 115 [95] . As is the case with A-Raf, this region closely resembles the CK2β binding region of catalytic CK2 subunits (Figure 2 ). α' ) with the putative CK2β binding regions identified in other serine/threonine protein kinases, namely Chk1 (aa1-87), c-Mos (aa52-115) and A-Raf (aa323-373). Basic residues -black, acidic residues -blue, small or hydrophobic residues -red, remaining residues -green. Invariant residues are highlighted in yellow while other highly conserved residues are marked by an asterisk (*).
Chk1
Studies conducted in S. pombe led to the identification of Chk1 as a protein serine/threonine kinase that is essential for DNA damage-induced G2 arrest [111] . In mammalian systems, Chk1 is not only required for activation of the G2 checkpoint but is also required for the viability of embryonic stem cells [112, 113] . Recently, Guerra and colleagues (2003) employed co-expression and immunoprecipitation studies to demonstrate interactions between Chk1 and CK2β in mammalian cells [94] . Furthermore, complexes between Chk1 and CK2β excluded the CK2α subunit while complexes between the CK2α and CK2β excluded Chk1 [94] . As was the case for A-Raf and c-Mos as well as CK2α and CK2α', the C-terminal region of CK2β was required to bind to Chk1. Like A-Raf, Chk1 activity is enhanced upon interaction with CK2β [90, 94] . Although the mechanistic basis for this activation remains to be determined, it may relate to the observation that the activity of the kinase domain of Chk1 (1-265aa) is 20-fold more active than full length Chk1 [94] . In this respect, the C-terminal region of Chk1 may exert an autoinhibitory effect on kinase activity that is relieved upon CK2β binding. As yet, the CK2β-binding region of Chk1 has not been experimentally determined. However, as noted by Guerra and colleagues, comparison of the high-resolution three-dimensional structures of CK2α and Chk1 suggests that the highly conserved N-terminal lobe of these proteins may contain a CK2β binding domain [114, 50, 94] . Support for this notion comes from the alignment of the amino acid sequences of the CK2β binding regions of CK2α, A-Raf and c-Mos with Chk1 which reveals extensive similarity with the sequence corresponding to the Nterminal lobe of Chk1 (Figure 2) .
Although speculative at the present time, one intriguing connection between CK2β and Chk1 is that both of these proteins have been linked to adaptation checkpoints in yeast. Of particular significance is the observation that the effects of CK2β that are required for this adaptation are independent of the catalytic CK2 subunits [86] . Since this result suggests that the effects of CK2β are mediated through interactions with other cellular factors, it is tantalizing to speculate that these factors may include other proteins involved in adaptation, possibly even Chk1.
A Common CK2β Binding Domain in CK2β-Interacting Protein Kinases?
It is particularly striking that three of the known CK2-independent CK2β interaction partners identified to date are serine/threonine protein kinases containing sequences reminiscent of the CK2β binding region present in the CK2 catalytic subunits (Figure 2) [89, 90, 94, 95] . There are a number of residues within this region, originally noted by Niefind and colleagues including L41, G46, G48, V53, V65 and K68 (numbering based on CK2α sequence) that are absolutely conserved within each of the kinases [50] .
While the conservation of some of these residues, notably G46, G48, V53 and K68 is not entirely surprising because they are highly conserved throughout the serine/threonine protein kinase family, the invariance of the other residues is intriguing. In addition to the invariant residues, a significant proportion of the other residues in this region are also very highly conserved (Figure 2) . Examination of the crystal structure of CK2 (Figure 3) indicates that several residues within this region may be important in maintenance of the secondary and tertiary structure of the enzyme. However, residues such as L41 together with an adjacent hydrophobic residue (V42 in CK2α) are located at the CK2α-CK2β interface. While rigorous testing is still required, the location of these residues suggests that they may be important in mediating the interaction ( Figure 3C) .
Overall, the alignment shown in Figure 2 agrees with the suggestion that CK2β is able to bind a portion of the Nterminal lobe of a set of protein kinases to act as either a positive or negative regulator of activity [94, 95] . Evidence supporting this suggestion is derived from an investigation where residues 52-115 of c-Mos, representing its CK2β binding domain, were fused to Xenopus cyclin A2 and tested for ability to act as an independent CK2β binding domain. Indeed, this domain was able to confer specific CK2β binding to the cyclin A2 protein suggesting that this region does represent a portable CK2β binding domain [95] . Therefore, although the precise determinants responsible for specific
interactions with CK2β remain to be delineated, it is evident that the CK2β binding does not exclusively reside within the catalytic subunits of CK2. Accordingly, it can be envisaged that other protein kinases, and possibly other proteins, harbouring the appropriate structural elements remain to be identified as CK2β-interacting proteins. In this respect, it is intriguing that recent genetic screens performed on a global scale in yeast revealed synthetic lethality between Cdc7, a protein kinase involved in regulation of DNA replication [99] . While direct interactions with CK2β have not yet been examined, this observation is consistent with the prediction that other CK2β-regulated protein kinases remain to be identified.
Implications: CK2β as a Promiscuous Kinase Regulatory Subunit
As noted earlier, a major role for CK2β within CK2 complexes appears to be substrate docking or recruitment where it brings the substrate protein and the catalytic subunit into close enough proximity to facilitate the phosphorylation reaction [115, 101, 102, 108, 104, 91, 103, 105, 106, 107] . Based on these examples, a similar role for CK2β in the context of A-Raf, c-Mos or Chk1 can be envisaged. In this respect, it will be interesting to determine whether CK2β will have the capacity to modulate the phosphorylation of specific proteins by a number of distinct protein kinases. A second function of CK2β within CK2 complexes appears to be its ability to translate interactions with regulatory factors such as FGF-2 and polyamines into changes in CK2 activity. Accordingly, it is tempting to speculate that CK2β may be able to transmit regulatory signals to A-Raf, c-Mos or Chk1 in an analogous manner. In addition to these possibilities, it remains to be seen whether two distinct kinases can be simultaneously bound to the CK2β dimer, allowing CK2β to act as a scaffold to co-ordinate two distinct signal transduction pathways. Although these suggestions remain speculative, it is evident that CK2β offers intriguing new prospects for understanding the regulation and functions of protein kinases that are distinct from CK2. [114] ). The putative CK2β binding region of Chk1 is represented as a red ribbon. Residues that are absolutely conserved between the two CK2β binding regions are shown in black. C. Alignment of the high resolution crystal structures of the CK2β binding regions of tetrameric CK2α (green), CK2α alone (purple; 1PJK [118] ) and Chk1 (red). A backbone representation of the CK2β binding domain of each protein is shown. The amino acid side chains of invariant residues are shown in black. In particular, L11 in Chk1 is analogous to L41 in CK2α and may be important in mediating binding to CK2β.
Perspectives and Other Considerations
Although traditionally considered to be a stable tetrameric enzyme, there is now an abundance of evidence that challenges this static view of CK2. In this respect, information derived from diverse experimental strategies ranging from X-ray crystallography, to gene knockout studies and live cell imaging experiments suggest that the individual subunits of CK2 do indeed exist outside stable tetrameric complexes. In fact, it now appears certain that CK2β, a remarkably conserved protein that has classically been known only for its role as the regulatory subunit of CK2, has cellular functions that are independent of CK2. These CK2-independent functions of CK2β reinforce the importance of delineating its regulation, both within and external to, CK2 complexes. In this respect, it will be instructive to determine the precise mechanisms that govern cellular levels of CK2β and to determine how its interactions with different partners are regulated.
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It is striking that, in addition to the catalytic subunits of CK2, three different protein kinases, namely A-Raf, c-Mos and Chk1 have been identified as proteins that interact with CK2β. While the effects of CK2β on each of these protein kinases appear to differ, it is apparent that CK2β has the potential to modulate each of their kinase activities in some manner. Since many details regarding the physiological significance of these findings remain to be elucidated, it is premature to consider the formal establishment of a new classification of CK2β-regulated kinases. Nevertheless, it is intriguing that the ability of CK2β to regulate different protein kinases is analogous to that observed with cyclins, a noteworthy observation given the presence of sequences within CK2β that resemble two distinct types of destruction signals that are present in members of the cyclin family.
Overall, while many questions remain, the identification of CK2-independent partners for CK2β has dramatically affected our view of how this remarkably conserved protein is involved in cellular regulation. Furthermore, we can certainly anticipate that the identification of new partners for CK2β will accompany the emergence of new systematic strategies for the evaluation of protein-protein interactions and determination of protein complex composition. Based on past performance, we can thus expect more surprises regarding the biological functions of CK2β, both within, and external to, tetrameric CK2 complexes.
